3þ and Yb 3þ co-doped Y 2 O 3 nanoparticles have been prepared by using a coprecipitation method followed by a post-thermal-treatment, in which a surfactant (cetyltrimethylammonium bromide, CTAB) plays an important role in the size-controlling and upconversion luminescence tuning. The green ( 
F 9/2 could be increased as the number of defects introduced by the surfactant increases, and thus the ratio of red to green emission is also changed. The upconversion mechanism has been analyzed and discussed, which may be a new complement for upconversion luminescence. Lanthanide-doped upconversion particles have the ability to emit a higher energy photon after absorbing lower energy excitation photons via a sequential absorption or energy transfer process. 1 The ability to use lower energy light grants upconversion materials several significant advantages over conventional fluorescent materials such as minimum photo damage to living organisms, weak background fluorescence, high detection sensitivity, and improved lightpenetration depth in tissues, when used in biological systems. 2, 3 To date, upconversion materials have successfully been applied to small-animal imaging, including tumor targeted imaging, lymphatic imaging, vascular imaging, cell tracking, and multimodal imaging. [4] [5] [6] [7] In fact, as an efficient candidate for biolabelling, upconversion materials must meet several requirements:
8 the upconversion nanoparticles must have (1) suitable nanosize and uniform shape; (2) high upconversion efficiency; (3) good biocompatibility and dispersibility; (4) low cytotoxicity to living systems; and (5) multicolor emission favorable for multiplexed labeling. Recently, with the advancements in nanomaterial synthesis, a variety of techniques, including synthetic methods and surface modification, have been developed to tailor the crystal size, morphology, chemical composition, surface functionalization, and optical properties for various bioimaging applications. [9] [10] [11] [12] [13] Thanks to the considerable effort, significant progress has been made in the application of upconversion materials to bioscience; however, improvements are still needed for higher precision and accuracy in biological detection. The most important aspect that needs improvement in upcon version nanomaterials is the optimization of the relationship between the luminescence intensity and the particle size. Some approaches have been developed to improve the luminous efficiency, for example, Capobianco and Liu's group designed a core-shell structure to minimize the surface defects in upconversion nanoparticles. [14] [15] [16] On the other hand, in order to control the particle growth and to stabilize the nanocrystals against aggregation, ligands and surfactants such as oleic acid, oleylamine, polyvinylpyrrolidone (PVP), and cetyltrimethylammonium bromide (CTAB) have been widely used in the upconversion nanoparticles synthesis. 17 Inevitably, defects were induced by the ligands during the process of particle size control. 18 Due to the defects in the host materials, the probability of quenching and nonradiative relaxation is increased, which leads to a significant decrease of the luminous efficiency. 19, 20 Therefore, determining the effect of defects on luminescent efficiency is of both fundamental importance to understand their size-dependent physical properties and technological significance for applications.
In this paper, Er 3þ and Yb 3þ co-doped Y 2 O 3 nanoparticles have been prepared by using a coprecipitation method followed by a post-thermal-treatment. According to the literature, a typical coprecipitation reaction involves the simultaneous occurrence of nucleation, growth, coarsening, and agglomeration processes. 21 And as a brief overview, coprecipitation reactions tend to exhibit the following characteristics: (i) The products of precipitation reactions are generally sparingly soluble species formed under conditions of high supersaturation. (ii) Such conditions dictate that nucleation will be a key step of the precipitation process and that a large number of small particles will be formed. (iii) Secondary processes, such as Ostwald ripening and aggregation, will dramatically affect the size, morphology, and properties of the products. By using the coprecipitation method and post-thermaltreatment, we induced the surfactant molecules in both internal area and surface of the particles. Moreover, the particle size and morphology also could be tuned by the surfactant during the seeded growth, coarsening, and agglomeration processes. After calcination, the surfactant was removed and turned to defects in both internal area and surface of the particles, which leads to energy release of excited states through nonradiative relaxation (Fig. 1) . By increasing the concentration of surfactant, the crystallinity and the grain size decreased, and at the same time, the quenching effect and nonradiative relaxation for high energy levels increase significantly. Therefore, the ratio of red to green emission intensity increased. Herein, the dopant ions (Yb, Er) were kept at a low concentration ($1%) in order to minimize the effect from the cross-relaxation energy loss. and 80 mmol urea were dissolved in 100 ml deionized water to form a clear aqueous solution. Then, the transparent solution was stirred at 80 C for 2 h with ultrasonication. Subsequently, the precursor was centrifuged, washed with deionized water and alcohol to remove remaining ions, then dried at 80 C in air. Finally, the precipitate was calcined in a muffle furnace at 800 C for 1 h to obtain the three oxide particles. For comparison, the different products using 0.6 mmol, 0.8 mmol, and 2 mmol CTAB were named as sample A, sample B, and sample C, respectively.
According to the literatures reported, a typical coprecipitation method for micro and nano-particle synthesis has five steps: (1) mixed the anion and cation solution, (2) nucleation and seeded growth, (3) precipitation, (4) filtration; and (5) calcination. 21, 26 Herein, we used the urea to provide the OH À (anion) in the solution at 80 C.
the nucleation and seeded growth will take place when there is enough anion in solution.
Also, during the seeded growth, we used surfactant (CTAB) to control the particle size and the morphology. When the reaction finished, the precipitation could be collected by centrifugation. Finally, the Y 2 O 3 nanoparticles could be formed through a decomposition reaction at 800 C.
By using the coprecipitation method, we could induce the defects easily into the nanoparticles. Moreover, the defects could be controlled by changing the surfactant amount.
B. Characterization
The X-ray diffraction (XRD) patterns of the Y 2 O 3 : Er, Yb powder were recorded by a Bruker D8 X-ray diffractometer with Cu Ka radiation (40 kV, 40 mA). Transmission electron microscopy (TEM) images were recorded on a Hitachi-7650 electron microscope at an acceleration voltage of 100 kV. Field-emission scanning electron microscopy (FESEM) images were obtained by using a Hitachi S-4800 microscope. The upconversion luminescence was recorded by a Fluorolog-3 spectrometer under excitation of a 980 nm laser. All measurements were performed at room temperature.
III. RESULTS AND DISCUSSIONS
The effect of the amount of CTAB on the particle morphology and size has been investigated by TEM. Fig. 2 shows the morphologies of the as-precipitated particles before calcination. From these TEM images, we could figure out the dispersity, size distribution, and the shrink effect from the as-precipitated. In the lowest surfactant concentration region (Fig. 2(a) ), lots of spherical aggregates can be observed, thus leading to poor dispersion. Increasing the CTAB amount to 0.8 mmol, the dispersion is improved significantly and the particles have an average size of about 100 nm. Furthermore, 75 nm-sized nanoparticles with excellent dispersity could be obtained when the CTAB amount is increased to 2.0 mmol. Apparently, CTAB plays a crucial role in controlling the particle size, and as well as preventing the nanoparticles from aggregation. 27 After the as-prepared samples turn to cubic phase Y 2 O 3 after calcination, the samples could be aggregated easily after calcination at 800 C. Therefore, we used SEM characterization to figure out the size change and the shrink effect during the decomposition reaction. Figs. 3(a)-3(c) show the SEM images of the three samples calcined at 800 C. After being calcined, the The XRD patterns of the as-prepared samples after calcination at 800 C are shown in Fig. 4 . All diffraction peaks can be readily indexed to the cubic phase of Y 2 O 3 (JCPDS No. 41-1105), and the samples possess good purity. By using the Scherrer equation, 28 we observed that the average grain size decreased from 16.5 nm (sample A) to 15.3 nm (sample B) to 14.7 nm (sample C) with increasing the surfactant concentration. On the other hand, the doping of Er and Yb into Y 2 O 3 has no obvious effect on the crystallinity. Fig. 5(a) shows the upconversion luminescent spectra of the samples A-C. Under 980 nm laser excitation, it can be observed that there are two dominant emission bands at about 565 nm and 660 nm, corresponding to green and red emission, respectively. The two distinct emission bands around 520-570 and 650-675 nm derive from the Er-ion transitions: [29] [30] [31] Because the defects are induced by high concentration of CTAB into the host materials, the probability of multi-phonon relaxation processes from 2 H 11/2 , and 4 S 3/2 to 4 F 9/2 increase significantly. Therefore, the red emission is stronger than the green emission from these three samples and the red emission can be observed by the naked eye.
From the upconversion luminescence spectra, we also found that the green and red emission have been greatly decreased with increasing the CTAB amount. According to calculated result, the red emission integrated intensity is decreased from 55.5 to 20.1 and the green emission integrated intensity is decreased from 4.5 to 1.2 by increasing the CTAB amount from 0.6 mmol to 2.0 mmol. However, a remarkable phenomenon cannot be ignored from the Fig.  5(b) ; that is, the ratio of red to green emission integrated intensity is increased significantly from 12.4 to 17.2, which means the red emission ( 4 F 9/2 ! 4 I 15/2 ) is enhanced by increasing the surfactant amount. The association of the ratio (red/green) with the surfactant amount will be studied in detail for the mechanism investigation.
Based on the basic upconversion mechanism of greenemission ( 2 H 11/2 , 4 S 3/2 ) and red-emission ( 4 F 9/2 ), the color tuning mechanisms of Y 2 O 3 : Er,Yb are schematically illustrated by energy diagram and crystallinity (Fig. 6) . 25, [32] [33] [34] With regard to excited state absorption (ESA) and the energy transfer upconversion (ETU) mechanism, Er is excited into the 35 However, due to the defects induced by high concentration of CTAB in the host materials, the probability of nonradiative relaxation is increased by increasing the CTAB amount, which causes the emission intensity to decrease significantly. Moreover, the defects also have a strong effect on the high energy level, which causes a high probability of nonradiative relaxation from 
IV. CONCLUSION
In summary, we used a simple approach to synthesize Y 2 O 3 : Er, Yb nanoparticles with suitable size and morphology control by using the surfactant (CTAB). Because of the nonradiative relaxation from the defects induced by CTAB, the three samples had strong red emission intensity ( 4 F 9/2 ! 4 I 15/2 ). By increasing the concentration of the surfactant, the green and red emission intensity decreased greatly and the ratio of red/green increased from 12.4 to 17.2, which could be attributed to the increasing probability of quenching and nonradiative relaxation processes from 2 H 11/2 , and 4 S 3/2 to 4 F 9/2 . These results reveal that the defects have a strong effect on the upconversion luminescence intensity and red/green ratio.
